Cancer cells show a bias toward the glycolytic system over the conventional mitochondrial 13 electron transfer system for obtaining energy. This biased metabolic adaptation is called the Warburg 14 effect. Cancer cells also exhibit a characteristic metabolism, a decreased heme synthesizing ability. Here 15 we show that heme synthesis and the Warburg effect are inversely correlated. We used human gastric 16 cancer cell lines to investigate glycolytic metabolism and electron transfer system toward 17 promotion/inhibition of heme synthesis. Under hypoxic conditions, heme synthesis was suppressed and 18 the glycolytic system was enhanced. Addition of a heme precursor for the promotion of heme synthesis 19 led to an enhanced electron transfer system and inhibited the glycolytic system and vice versa. Enhanced 20 heme synthesis leads to suppression of cancer cell proliferation by increasing intracellular reactive oxygen 21 species levels. Collectively, the promotion of heme synthesis in cancer cells eliminated the Warburg effect 22 by shifting energy metabolism from glycolysis to oxidative phosphorylation. 3 23 33 CoA, which links the glycolytic pathway and TCA cycle. Thus, HIF-1 regulates PDK-1 and functions as 34 a modulator of glycolysis and TCA cycle. Moreover, HIF-1 induces glucose transporter-1 and glycolytic 35 enzymes [6,7] and consequently leads to increased lactic acid formation. Thus, HIF-1 shifts metabolism 36 from oxidative phosphorylation to glycolysis under hypoxic conditions [8,9], thereby promoting the 37 Warburg effect under hypoxia. 38 5-Aminolevulinic acid (ALA) is a precursor in the porphyrin synthesis pathway leading to heme 39 formation [10]. The rate-limiting enzyme in heme synthesis is the mitochondrial enzyme ALA synthase 4 40 (ALAS) [11]. ALA is metabolized to protoporphyrin IX (PpIX) by multiple enzymatic reactions while 41 between cytoplasm and mitochondria, and is finally synthesized into heme by the enzyme ferrochelatase, 42 which coordinates iron ion to porphyrin [12]. Administration of ALA into tumors leads to intracellular 43 accumulation of PpIX because cancer cells exert limited ferrochelatase activity [13,14]. Hypoxia is 44 believed to induce a reduction in PpIX accumulation [15,16]. To the best of our knowledge, the influence 45 of hypoxia on heme synthesis has not yet been clarified [17,18].
Introduction 24
Cancer is caused by accumulation of various genetic mutations. A common feature of most 25 cancer cells is suppression of mitochondrial aerobic respiration and an enhanced glycolytic ATP synthesis 26 for supporting abnormal cellular proliferation and metastasis. Therefore, cancer cells require and utilize 27 abundant glucose and produce excessive lactic acid by accelerated glycolysis, resulting in lactic acidosis
28
[1]. This concept, first advocated by Nobel laureate Otto Warburg in 1924, is widely recognized as the
29
Warburg effect and has pioneered research toward analysis of tumor metabolism.
30
HIF-1 (hypoxia inducible factor 1) is activated owing to low oxygen concentration in cancer 31 cells within the tumor tissue [2] [3] [4] . HIF-1 induces pyruvate dehydrogenase kinase-1 (PDK-1), which 32 inactivates pyruvate dehydrogenase (PDH) [5] . PDH is a key player that converts pyruvic acid to acetyl species (ROS), which are produced during aerobic respiration and cause cytotoxicity. Resultantly, cancer 48 cells create a situation favorable for their survival by reducing oxidative stress via suppressing excessive 49 ROS. Recently, attempts have been made to treat cancer by targeting active energy metabolism biased 50 toward cancer glycolysis; for example, studies using dichloroacetic acid (DCA) were reported to induce 51 apoptosis by shifting glucose metabolism from glycolysis to oxidative phosphorylation [19] [20] [21] .
52
Our previous research using mouse liver showed that ALA increases activity of the 53 mitochondrial enzyme cytochrome c oxidase (COX), a rate-limiting enzyme in the electron transport 54 system (ETS) [22] . Owing to the fact that COX is a heme protein, ALA-mediated increase in the amount 55 of heme was thought to induce the expression COX. We also reported that addition of ALA leads to 56 activation of ETS in cancer cells [23] .
57
Here we investigated metabolic pathways in cancer cells to understand the relationship between 58 heme synthesis and the Warburg effect. To this end, we comprehensively examined the effect of heme 59 synthesis regulation on energy metabolism in cancer cell lines.
8 94 medium, cells were incubated under each testing condition for 24 hours. Subsequently, all culture medium 95 was removed and replaced with glucose-free culture medium in the presence or absence of fluorescent 2-96 NBDG (100 μM). Cells were incubated at 37°C with 5% CO 2 for 25 minutes and washed three times with 97 PBS. Cells were lyzed with 0.1 M NaOH and extracted by adding an identical volume of perchloric acid:
The obtained mixture was centrifuged to pellet proteins (10,000 × g, 4°C, 10 99 minutes). The concentration of 2-NBDG in the supernatant was quantitatively determined by measuring 100 fluorescence in a fluorescence spectrophotometer RF-5300 PC (Shimadzu Corporation, Kyoto, Japan).
101
Excitation and emission wavelengths of 465 nm and 550 nm, respectively, were used to measure 102 fluorescence intensity of 2-NBDG. Glucose uptake levels were normalized by intracellular protein levels 
Measurement of COX activity
153 Measurement of cytochrome c oxidase (COX) activity was performed as previously described 154 with some modifications [22] . Mitochondrial fractions were obtained using a Mitochondria Isolation Kit
155
(MITOISO2, Sigma-Aldrich). Briefly, 5 × 10 7 cells were washed and homogenized in extraction reagent.
156
The homogenate was centrifuged at 600 × g for 5 minutes and the supernatant was centrifuged further at 157 11,000 × g for 10 minutes. The pellet was suspended in storage buffer and used as the mitochondrial 158 fraction. Protein concentrations were determined by the Bradford assay (Bio-Rad Laboratories, CA). COX 159 activity was measured using a Cytochrome c Oxidase Assay Kit (Sigma-Aldrich). Briefly, 100 μg of the 160 mitochondrial fraction was diluted with enzyme dilution buffer containing 1 mM n-dodecyl β-d-maltoside.
161
Ferrocytochrome c (reduced cytochrome c with dithiothreitol) was added to the sample, and COX activity 162 was measured by the decrease in absorption at 550 nm. The difference in extinction coefficients between 163 reduced and oxidized cytochrome c is 21.84 at 550 nm [26] . One unit of COX activity was defined as the 
Results

209
Glycolytic increase in gastric cancer cells under hypoxia 210 We examined the gastric cancer cell lines KatoIII and MKN45 to understand the relation 211 between glycolysis and heme synthesis under hypoxia. Under hypoxic conditions, cancer cells induce 212 expression of the glucose transporter GLUT1 and increase glucose uptake via HIF-1, thereby resulting in 213 excessive lactic acid production and shifting the acid-base equilibrium toward the acidic side [6] .
214
Therefore, we assessed the functional status of the glycolytic system by measuring the expression of 215 GLUT1, uptake of a fluorescent glucose analog, 2-NBDG, lactic acid concentration, and pH of the culture 216 media.
217
The cell lines were cultured for 24 hours under normoxic (21% O 2 ) or hypoxic (1% O 2 ) 218 conditions. On performing expression analysis, in both cell lines, the expression of GLUT1 was found to 219 be enhanced by HIF-1α under hypoxic conditions ( Fig 1A) . In correlation with up-regulated GLUT1, the 220 uptake of 2-NBDG was significantly increased under hypoxic conditions ( Fig 1B) . Moreover,
221
concentrations of lactic acid concentration ( Fig 1C) and H + concentration ( Fig 1D) were also significantly 222 increased. Thus, hypoxic conditions accelerated glycolysis in gastric cancer cell lines. These experiments 223 also served to confirm their application in evaluating the glycolytic system. intracellular PpIX in both KatoIII and MKN45 cells was reduced under hypoxic conditions (Fig 2A) ,
240
whereas extracellular coproporphyrin III (CPIII) was remarkably increased ( Fig 2B) . Conversely, no other 241 type of porphyrin was detected intra-or extra-cellularly. Thus, under hypoxic conditions, the porphyrin synthesis pathway is thought to be inhibited at the CPgenIII step resulting in excretion of the synthesized 243 CPgenIII and decrease in PpIX. The amount of intracellular heme under hypoxia was also measured by 244 HPLC after culture for 24 hours under normoxic (21% O 2 ) or hypoxic (1% O 2 ) conditions ( Fig 2C) . A 245 significantly reduced intracellular heme concentration indicated inhibitory effect of hypoxia on heme 246 synthesis. This also supported the hypothesis that the porphyrin synthesis pathway is inhibited at the 247 CPgenIII step under hypoxia. Thus, we can postulate a negative correlation between heme synthesis and 248 the glycolytic system. 
Inverse correlation between heme biosynthesis and glycolysis 257
Next, we examined the effect of heme synthesis on glycolysis in cancer cell lines using ALA,
258
SFC as iron ion, and SA. The addition of ALA and iron ion promotes heme synthesis because the rate-18 259 limiting step in PpIX production is ALA synthesis and heme formation by coordination of divalent iron 260 ions to PpIX [11] . Conversely, SA suppresses heme synthesis by inhibiting ALA dehydratase, which 261 functions in condensing two molecules of ALA.
262
The gastric cancer cell lines were cultured for 24 hours in media containing 1 mM ALA, 0.5 263 mM SFC, or 0.5 mM SA, followed by measurement of intracellular heme by HPLC. The addition of ALA 264 alone or ALA+SFC induced an increase in intracellular heme concentration, whereas SA led to its 265 reduction ( Fig 3A) . Thus, heme synthesis can be regulated by the addition of ALA, SFC, or SA.
266
Next, we tested the effect of heme synthesis on glycolysis by analyzing the uptake of 2-NBDG, 267 lactic acid concentration, and H + concentration after 24 hours of cell culture with 1 mM ALA, 0.5 mM 268 SFC, or 0.5 mM SA. Under conditions that enhanced heme synthesis (i.e., supplementation with ALA or 269 ALA+SFC), the uptake of 2-NBDG was similar or reduced compared with control ( Fig 3B) . Conversely, 270 the uptake of 2-NBDG was significantly higher under conditions that suppressed heme synthesis (SA).
271
Lactic acid concentration in MKN45 cells was down-regulated by supplementation of ALA or ALA+SFC 272 and up-regulated by addition of SA ( Fig 3C) . However, no such difference was observed in KatoIII cells.
273
Furthermore, both cell lines showed a tendency toward decrease in H + concentration upon addition of 274 ALA+SFC ( Fig 3D) . H + concentration in KatoIII cells was increased after supplementation with SA ( Fig   275  3D) . Thus, heme synthesis and glycolysis are inversely related in gastric cancer cell lines. 
289
First, we examined the expression of COX to investigate the effect of heme synthesis regulation 290 on mitochondrial activity. We evaluated the expression of COX IV-1, the nuclear-encoded largest subunit 291 of COX and isoform expressed under normal conditions [29] , in cancer cells after incubation for 24 hours 292 with ALA, SFC, and SA ( Fig 4A) . COX expression increased in both cell lines when heme synthesis was 20 293 enhanced by ALA or ALA+SFC. In contrast, COX expression was reduced in MKN45 cells when heme 294 synthesis was suppressed by SA. Analysis of COX activity in MKN45 cells revealed significant elevation 295 upon ALA and ALA+SFC supplementation and reduction after SA supplementation ( Fig 4B) . These 296 results indicate that the expression ( Fig 4A) and enzyme activity of COX increased when heme synthesis 297 was promoted and decreased when it was suppressed. Enhanced heme synthesis after addition of 298 ALA+SFC led to up-regulation of COX, most probably because it is a hemoprotein. It can thus be 299 predicted that SA-mediated suppression of heme synthesis would probably reduce COX expression and 300 activity.
301
Second, we measured the copy number of mitochondrial DNA (mtDNA) ( Fig 4C) . Genomic Next, we examined the proliferation of cancer cells under conditions where heme synthesis was 325 enhanced and the Warburg effect was eliminated. MKN45 cells were cultured with ALA and/or SFC for 4 days, following which the number of cells was counted ( Fig 5A) . Addition of ALA and ALA+SFC led 327 to suppression of cell proliferation to <50% compared with the control group.
328
Mitochondria, the seat of oxidative phosphorylation, are also the main source of ROS generation 329 [30, 31] . The amount of ROS was measured to investigate the increased COX activity upon addition of ALA (Fig 5B) .
330
The changes in the amount of ROS were also determined when Tiron was added as a ROS scavenger 331 [32, 33] . ROS increased significantly after addition of ALA and/or SFC and was markedly suppressed 332 under conditions where Tiron was added. MKN45 cells were cultured with ALA, SFC, and Tiron for 4 333 days and the growth was measured ( Fig 5C) . The ALA+SFC-mediated suppression of cell growth was 334 significantly neutralized by Tiron. Thus, the proliferation of cancer cells was suggested to be suppressed 335 by intracellular ROS caused by ALA+SFC. 359 cancer cells exposed to ALA+SFC showed significantly reduced cell growth caused by increased 360 intracellular ROS generation.
361
ALA is a naturally occurring amino acid synthesized in vivo from succinyl CoA and glycine and 362 is metabolized to porphyrin in multiple steps occurring in the cytoplasm and mitochondria. Ferrochelatase ferrochelatase [13, 14] . This phenomenon allows photodynamic diagnosis using ALA [34, 35] . Earlier, we 366 reported that the membrane transporter ABCB6, which is mainly expressed on mitochondrial membrane 367 for transporting CPgenIII from cytosol into mitochondria, is polarized on the cytoplasmic membrane under 368 hypoxic conditions. This results in the extracellular export of porphyrins [25] . Our results ( Fig 2AB) are 369 consistent with this mechanism.
370
Earlier, we have shown that COX activity and ATP concentration was strongly up-regulated in 371 mouse liver after ALA was injected [22] . In this study, the human gastric cancer cell line MKN45 showed 372 increased expression and activity of COX in presence of ALA+SFC. Also, ALA+SFC act as heme 373 substrates and lead to up-regulation of COX in both normal and cancer cells. This is supported by that the 374 inhibitor of heme synthesis, SA, suppressed COX up-regulation and elevated glycolysis (Fig 3, 4) .
375
Most cancer cells suppress mitochondrial aerobic respiration and synthesize ATP necessary for 376 proliferation and metastasis by enhancing the glycolytic system. Thus, cancer cells require a large amount 377 of glucose. This was advocated by Warburg in 1924 and became widely recognized as the Warburg effect
378
[1]. Glycolysis is not efficient for ATP production but forceful for other substance productivity such as 379 nucleic acids and lipids [36] [37] [38] . Therefore, glycolysis is better than oxidative phosphorylation for rapid 380 proliferation. Several attempts have been made to treat cancer cells by focusing on this characteristic 26 381 metabolic adaptation of cancer cells [39] [40] [41] . Glucose derivatives such as fluorodeoxyglucose (FDG) and 382 2-deoxyglucose (2-DG) are used for diagnosis and treatment of cancer [41] [42] [43] .
383
Attempts have been made to treat cancer by inducing ROS production from mitochondrial 384 respiration such as dichloroacetate (DCA). The conversion of pyruvate to acetyl CoA by pyruvate 385 dehydrogenase (PDH) is the rate-limiting step in glycolysis. DCA activates PDH and inhibits lactic acid 386 synthesis and is therefore used as an oral therapeutic agent for mitochondrial diseases, including lactic 387 acidosis. It has reported that DCA restores PDH activity of cancer cells and activates oxidative 388 phosphorylation and consequently induces apoptosis [19, 21] . Besides, it is reported that the small 389 molecule ATN-224, which is an inhibitor of superoxide dismutase 1 (SOD1), leads to reduction of lung 390 tumor volume in vivo and ROS-dependent cell death in vitro. Thus, controlling ROS can be effective in 391 cancer treatment.
392
It is known that superoxide anion radicals are generated by trapping electrons that leak out of 393 oxygen molecules when the mitochondrial membrane potential becomes unstable owing to changes in the 394 activity of ETS [44, 45] . The activation of COX in MKN45 cells by ALA+SFC (Fig 4) indicated that the 395 leakage of superoxide anions from mitochondria most probably led to increased ROS ( Fig 5) . We used
396
Tiron, an analog of vitamin E and a radical scavenger, as a ROS scavenger [32, 33] . Tiron reduced ROS 397 levels and showed recovery of cell proliferation (Fig 5) . Taken together, it suggested that ALA+SFC 27 398 enhanced mitochondrial activity and leakage of superoxide anion radicals followed by an induction in 399 cancer cell death.
400
To the best of our knowledge, there is no comprehensive study on the relationship between heme 401 synthesis and the Warburg effect. This study provides a novel insight into the complex metabolism of 402 cancer cells and presents a promising new therapeutic strategy for treating cancer. Further studies are 403 required to reveal the molecular mechanism of ALA combined with the Warburg effect toward disruption 404 and elimination of cancer cells.
